Deubiquitinating enzymes can prevent the destruction of protein substrates prior to proteasomal degradation. The ubiquitin-specific protease 2a (USP2a) deubiquitinates the antiapoptotic proteins Fatty Acid Synthase and Mdm2. Here, we show that when USP2a is overexpressed in nontransformed cells, it exhibits oncogenic behavior both in vitro and in vivo and prevents apoptosis induced by chemotherapeutic agents. Notably, USP2a silencing in several human cancer cell lines results in apoptosis. Gene set enrichment analysis, which focuses on groups of genes sharing biological function or regulatory pathways, was done on microarray expression data from human prostate cancers. The cell death-related gene set, as well as a selected cluster of validated p53 target genes, were significantly enriched in the low USP2a expression group of tumors. Conversely, genes implicated in fatty acid metabolism were significantly associated with tumors expressing high USP2a (44%). The expression profile analysis is consistent with the effects of USP2a on its known targets, i.e., Fatty Acid Synthase and Mdm2, defining a subset of prostate tumors resistant to apoptosis. USP2a thus represents a therapeutic target in prostate cancer. (Cancer Res 2006; 66(17): 8625-32) 
Introduction
Selective degradation of proteins through ubiquitination involves the activation of a signaling cascade that results in the covalent attachment of a poly-ubiquitin chain to protein targets (1) . This modification occurs through the formation of isopeptide bonds between ubiquitin and the target protein. The formation of a polyubiquitin chain acts as a signal for degradation by the proteasome (2) . Ubiquitination of targeted substrates, however, is a reversible process. The ubiquitin-specific proteases (USP) are cysteine proteases, part of a more general class of proteolytic enzymes known as deubiquitinating enzymes (1, 3) . Despite the large number of USPs identified, relatively little is known about their physiologic roles or their substrates. USPs may ''edit'' the number of ubiquitin moieties in the poly-ubiquitin chain of poorly or erroneously ubiquitinated proteins or generate free ubiquitin from poly-ubiquitin chains released after proteasomal activity. The large number of USP family members and their limited homology outside of the active catalytic sites also suggest a specificity of interaction with defined substrates. Importantly, a pre-proteasomal action for isopeptidases has been shown. This results in the cleavage of the poly-ubiquitin tag from specific substrates, preventing and modulating their degradation. Specifically, the deubiquitinating enzyme HAUSP (USP7) is a key regulator of both p53 and Mdm2 (4) (5) (6) . In addition, the familial cylindromatosis tumor suppressor gene (CYLD) modulates the activity of nuclear factor nB via a similar mechanism (7, 8) . Finally, we showed that USP2a associates with and prolongs the half-life of Fatty Acid Synthase (FAS; ref. 9) . FAS, itself an androgen-regulated gene, is overexpressed in biologically aggressive prostate cancer, whereas its expression is negligible to absent in normal prostatic epithelium (reviewed in ref. 10) . Importantly, RNA interference of USP2a results in apoptosis which, in the androgen-dependent LNCaP cells, is rescued by FAS overexpression (9) .
Prostate cancer is the most frequently diagnosed, nondermatologic cancer in men (11) . Androgen ablation therapy remains the only treatment that prolongs life for men with metastatic prostate cancer. Although docetaxel-based therapy has recently been shown to affect tumor growth and improve cancerrelated symptoms and quality-of-life end points, there is still a pressing need for therapy that might affect outcome (12, 13) . Thus, novel therapeutic targets need to be identified.
Here, we show that USP2a displays canonical oncogenic properties such as colony formation, growth in soft agar, and tumor formation in nude mice when introduced in nontransformed immortalized prostate epithelial cells or immortalized murine fibroblasts. We also show that USP2a overexpression in immortalized prostate epithelial cells confers resistance to apoptosis induced by chemotherapeutic agents, whereas USP2a RNA interference results in apoptosis in a variety of tumor cell lines. Stevenson et al. now show that Mdm2 is also a target of USP2a, thus, potentially affecting p53-mediated apoptosis. 8 Gene profiling of human prostate tumors overexpressing USP2a (44% of cases) revealed an association with increased expression of genes involved in fatty acid metabolic pathways, whereas targets of p53-mediated suppression were similarly up-regulated. In contrast, cell death-associated and p53-target genes were up-regulated in tumors with low USP2a expression. Such events can contribute to enhancing resistance to apoptosis in prostate cancer cells that 
Materials and Methods
Generation of wild-type and mutant USP2a-overexpressing cell lines. Immortalized androgen receptor (AR)-expressing prostate epithelial cells (AR-iPrEC; ref. 15 ; a gift from W.C. Hahn, Dana-Farber Cancer Institute, Boston, MA) were infected with pBABE retroviral constructs of wild-type (AR-iPrEC-USP2a-wt) and catalytic mutant (C276A and H549R; AR-iPrECUSP2a-mut) HA-tagged USP2a genes, containing a puromycin resistance gene. Infection of pBABE vector alone (AR-iPrEC-EV) was used as a control. Cells were transduced through infection using polybrene (10 Ag/mL) and selected in the presence of 1.6 Ag/mL puromycin. pHE482 retroviral constructs of wild-type and catalytic mutant (C276A) USP2a were used to infect immortalized murine fibroblast (NIH3T3).
Colony formation assay. AR-iPrEC-USP2a-wt (wt), AR-iPrEC-USP2a-mut (mut), and AR-iPrEC-EV (EV) cells were seeded in triplicate in 100 mm plates (1,000 cells/plate) in PrEBM medium (Cambrex, East Rutherford, NJ). After 14 days, cells were fixed and stained with 0.5% crystal violet before counting.
Soft agar assay. One thousand AR-iPrEC cells (infected with wt, mut, and EV constructs) were resuspended with 0.4% agarose (Difco agar Noble from Becton Dickinson, Sparks, MD) in PrEBM and seeded in triplicate in six-well plates coated with 0.8% agar. Colonies with >30 cells were counted after 2 weeks by staining with 0.4 mg/mL of Neutral Red.
Cell transfections with anti-USP2a small interfering RNA. LNCaP, DU145, and PC-3 cells as well as the following non-prostate carcinoma lines: SW480, LOVO, SW620, HCT15 (colon cancer), BT549, SKBR3 (breast cancer), HT1080, MG63, and MNN4/HOS (sarcoma) were used for small interfering RNA (siRNA) experiments. Cells (2.5 Â 10 5 ) were seeded in 60 mm plates in the specific medium (RPMI without phenol red supplemented with 10% fetal bovine serum and penicillin/streptomycin for LNCaP and MEM-a supplemented with 10% fetal bovine serum and gentamicin for the other cells) and 24 hours later, transfected with 80 nmol/L anti-USP2a siRNA [r(UGCUUGUGCCCGGUUCGAC)d(TT)] or 80 nmol/L siControl nontargeting siRNA no. 2 (Dharmacon, Lafayette, CO) as previously described (9) . Forty-eight, 72, and 120 hours posttransfection, cells were collected for assessing USP2a knockdown and apoptosis.
Treatments with chemotherapeutic agents. AR-iPrEC-USP2a-wt (wt), AR-iPrEC-USP2a-mut (mut), and AR-iPrEC-EV (EV) cells were seeded in 60 mm Petri dishes (5 Â 10 5 cells/dish) in PrEBM and treated 24 hours after plating with 2 or 7.5 Ag/mL of cisplatin (Calbiochem, La Jolla, CA) and 25 or 100 nmol/L of paclitaxel (Calbiochem) for 24, 48 and 72 hours. At the end of each drug administration, cells were harvested to evaluate apoptosis.
Apoptosis and proliferation assays. Following anti-USP2a siRNA transfection and drug treatments, cells were collected and fixed overnight at 4jC with 75% ethanol for propidium iodide staining and flow cytometry ( fluorescence-activated cell sorting, FACS) analysis. Protein extracts were assayed for cleaved-PARP expression by Western blot. Proliferation rate was assessed in AR-iPrEC cells overexpressing mut and wt USP2a by 5-bromo-2-deoxyuridine (BrdUrd) staining (4 hours) and subsequent FACS analysis.
Western blot. Equal amounts of total proteins were separated on 4% to 12% Tris-glycine SDS-PAGE gels (Invitrogen, Carlsbad, CA) and transferred for 4 hours to polyvinylidene difluoride membrane. The membrane was blocked in 5% milk-PBS-0.05% Tween 20 for 1 hour and then incubated overnight with the primary antibody.
The following antibodies were used: L523 and N-term anti-USP2a (Abgent, San Diego, CA) at 1:400 dilution, HA.11 anti-HA (Covange, Berkeley, CA) at 1:1,000 dilution, Asp214 anti-cleaved PARP (Cell Signaling, Danvers, MA) at 1:1,000 dilution, mouse anti-FAS (BD Transduction Laboratories) at 1:2,000 dilution, DO-1 anti-p53 (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:500 dilution, Ab-1 anti-Mdm2 (Calbiochem) at 1:100 dilution, C-19 antip21 (Santa Cruz Biotechnology) at 1:400 dilution and anti-h-actin (Sigma, St. Louis, MO) at 1:10,000 dilution.
Generation of xenografts. NIH3T3 cells overexpressing wild-type and catalytic mutant USP2a (NIH3T3-USP2a-wt, NIH3T3-USP2a-mut, and NIH3T3-EV) were assayed for in vivo tumorigenicity in 6-to 8-week-old male nude mice (nu/nu, from Charles River Laboratories, Wilmington, MA). NIH3T3-USP2a-wt cells (3 Â 10 5 ) mixed with Matrigel (BD Biosciences, Bedford, MA) were injected s.c. in the right flank of 12 mice, whereas NIH3T3-USP2a-mut (C276A) and control cells (NIH3T3-EV) were injected in the left flank of the same mouse. Animals were monitored twice weekly and sacrificed after 3 weeks by CO 2 inhalation. Mice were injected i.p. with BrdUrd (Roche, Indianapolis, IN) 5 hours prior to sacrifice. S.c. tumors were fixed in 10% neutral buffered formalin and paraffin-embedded for histopathologic exam and BrdUrd staining. Tumor volume (V ) was calculated by the formula V = abb / 2, where a represents the minimum and b the maximum tumor diameter (16) .
Human prostate tissue samples. From 1995 to 1997, samples of prostate tumors and adjacent prostate tissue not containing tumor (referred to as ''normal'') were collected from patients undergoing radical prostatectomy at the Brigham and Women's Hospital as previously described (17) . Quantitative PCR (qPCR) for USP2a was done in 32 tumors in which RNA was still available.
Paraffin blocks corresponding to the samples used for mRNA expression analysis were retrieved, the appropriate areas of cancer were marked, and tissue microarrays were generated with triplicate normal and tumor cylinders for each patient. Five-micron sections from these arrays were used in immunohistochemistry experiments.
Real-time reverse transcription-PCR and sequencing. One microgram of RNA from human prostate tissues and cells overexpressing wt and mut USP2a (AR-iPrEC and NIH3T3) or transfected with anti-USP2a siRNA was reverse-transcribed with SuperScript III Platinum two-step qRT-PCR kit (Invitrogen). qPCR was done with the ABI Prism 7300 PCR instrument (Applied Biosystems, Foster City, CA) by using the SYBR green master mix (Applied Biosystems). The mRNA amount of each gene was calculated using the standard curve method (4 log. dilutions in triplicate) and data were analyzed with SDS 2.2 software (Applied Biosystems). The following primers were used to measure USP2a mRNA levels: forward 5 ¶-TGCTGA-GACCCGACATCACT-3 ¶; reverse 5 ¶-TGGGGTCTATCCGGTAGCTA-3 ¶. The relative abundance of USP2a transcript was normalized to GAPDH levels (human GAPDH: forward primer 5 ¶-GCCTGTGAGTGAGTGCAGAA-3 ¶, reverse primer 5 ¶-ATCTCTGTCGTCGTCCTCGT-3 ¶; mouse GAPDH: forward primer 5 ¶-AACTTTGGCATTGTGGAAGG-3 ¶, reverse primer 5 ¶-TGTGAGG-GAGATGCTCAGTG-3 ¶) using the 2 ÀDDCt method (18).
Twenty human prostate tumors were analyzed for USP2a mutations by cDNA sequencing. Four regions spanning the entire mRNA of USP2a were amplified (RT-PCR) and sequenced by using the following primers: Gene expression profiling and gene set enrichment analysis. Previously published U95Av2 microarray data for 52 prostate tumors were processed with MAS4 (Affymetrix, Santa Clara, CA) and scaled together as previously described (17) . 10 Of the 52 tumors, 32 also had qPCR data for USP2a and GAPDH. These 32 samples were ranked according to USP2a expression by qPCR (DCT, USP2a versus GAPDH). The 32 samples were split into tertiles; gene set enrichment analysis (GSEA v1.0; ref. 19) 11 was applied to identify gene sets differentially expressed between the subset of samples with high expression of USP2a (n = 11) and samples with low USP2a expression (n = 11; file ''Prostate_T_allmeansquare_USP2_DeltaCT.res'', available on request). GSEA variables used included: ranking statistic, signal to noise (S2N); scoring scheme, weighted; permute, phenotype; permutation number, 1,000; gene set size restrictions, 10 minimum, 500 maximum; and gene set collection, ''s2.hgu95av2.xls'' (available as Supplemental Table S1 ). Samples in the middle tertile (n = 10) or without qPCR data for USP2a (n = 20) were excluded from the analysis. Four hundred and forty gene sets and biological pathways were examined in this GSEA, and gene sets with normalized enrichment scores below a false discovery rate of 0.25 were considered significant. An independent GSEA was done on a customized gene set of 24 p53 target genes (available as Supplemental Table S2 ) whose accession numbers are recorded in a .gmt file (available on request). In this last analysis, multiple entries associated with each gene were allowed, in order to take into account all the available genomic information contained in the examined U95Av2 GeneChips.
Immunohistochemistry. Immunostaining was done on formalin-fixed paraffin-embedded samples (TMA blocks) and s.c. murine xenografts as previously described (20) . The following primary antibodies were used: N-term anti-USP2a (Abgent) at 1:50 dilution, IF-2 anti-Mdm2 (Calbiochem) at 1:100 dilution, rabbit anti-FAS (Assay Designs, Ann Arbor, MI) at 1:100 dilution, and anti-BrdUrd (BD) at 1:100 dilution.
Results
USP2a is overexpressed in human prostate adenocarcinomas. We have previously shown that the deubiquitinating enzyme USP2a is androgen-regulated and that it interacts with FAS. In addition, using androgen-dependent prostate cancer cells, we showed that USP2a inactivation results in apoptosis, which can be rescued by FAS overexpression (9) .
In order to address the relevance of these findings in human prostate cancer, we first used a qPCR strategy to determine the degree to which USP2a was overexpressed in resected prostatic adenocarcinomas. Five putative isoforms of USP2 have been described (21) . Primers specific for the USP2a isoform were used in the qPCR experiment. RNA was extracted from tumor-enriched (macrodissected) human prostatectomy samples (17) . Adjacent normal tissue served as control. Thirteen of 32 tumors (44%) showed 1.6-to 104-fold (median, 5.47-fold) USP2a expression relative to normal tissues (Fig. 1A) . In addition, we confirmed the presence of the protein by immunohistochemistry only in some, optimally fixed, corresponding paraffin-embedded samples. Cytoplasmic positive immunostaining was mostly detected in tumor glands, whereas in normal prostatic epithelium, USP2a expression was restricted to the basal cells (Fig. 1B) . Twenty prostate tumors were also analyzed for USP2a mutations by cDNA sequencing. No mutations were found in these samples.
USP2a overexpression transforms human immortalized prostate epithelial cells in vitro. Having established that USP2a is overexpressed in a significant number of human adenocarcinomas, we next decided to determine whether ectopic expression of USP2a conferred a selective growth advantage to nontransformed prostate epithelial cells (PrEC) in vitro. PrEC cells were first immortalized with SV40 early region and hTERT and induced to display a ''secretory'' phenotype to mimic human prostate cancer by stable infection of the androgen receptor. Subsequent transformation is achieved in these cells only by the addition of potent oncogenes such as 12 Vras (15). We infected AR-iPrEC cells using retroviral constructs of wild-type and catalytic double mutant (C276A and H549R) HA-tagged USP2a (Fig. 2A) . Clonogenic assays were done on AR-iPrEC cells overexpressing wild-type (AR-iPrEC-USP2a-wt) and mutant (AR-iPrEC-USP2a-mut) HAtagged USP2a and on the same cells infected with the retroviral vector alone (EV). The number of colonies was significantly increased in cells overexpressing wild-type USP2a compared with the control (Fig. 2B) and was intermediate between the latter and 12 Vras-infected cells (data not shown).
When grown in soft agar, wild-type USP2a cells also had significantly increased number and size of colonies compared with both parental cells and to those transfected with mutant USP2a (Fig. 2C) .
To assess whether these wild-type USP2a cells acquired their growth advantage through an induction of proliferative potential, BrdUrd incorporation assays were also done. No significant difference in proliferative rate was found between cells overexpressing wild-type or mutant USP2a compared with control (data not shown).
USP2a has in vivo tumorigenic properties. We next tested whether overexpression of USP2a resulted in a growth advantage in vivo. To do this, we engineered NIH3T3 cells to stably overexpress both the wild-type and the catalytic mutant (C276A) USP2a (Fig. 3A) . Engineered NIH3T3 cells were injected s.c. with Matrigel (3 Â 10 5 /mouse flank) in 12 nude mice. Importantly, cells expressing wild-type USP2a, but not those infected with its catalytically inactive mutant, were able to transform NIH3T3 cells. S.c. tumors (0.2-0.9 cm 3 ) grew within 3 weeks in 12 of 12 nude mice injected with cells overexpressing wild-type USP2a, whereas no tumors developed in hosts injected with either mock-or mutant USP2a-infected cells (Fig. 3B and C) . Histopathologically, all s.c. neoplasms showed a sarcomatous phenotype as expected after transformation of fibroblasts (Fig. 3D) . The proliferation rate in these tumors was considerably higher than in controls as assessed by both mitotic rate (22 F 8 mitoses per high power field), and BrdUrd incorporation (35 F 5% of positive nuclei per high power field). Neither BrdUrd-positive staining nor mitotic figures were found in controls at appreciable levels. Taken together, these results suggest that USP2a overexpression transforms NIH3T3 cells in vivo. GSEA reveals that expression of distinct gene families is associated with USP2a abundance in prostate adenocarcinomas. Having established oncogenic properties of USP2a in vitro and in vivo and determined the prevalence of USP2a overexpression in human samples, we next wanted to investigate whether prostate adenocarcinomas overexpressing USP2a were associated with specific gene expression profiles. To this end, we used microarray data we had previously generated from prostate adenocarcinomas (17) . These included the 32 cases characterized here for USP2a expression by qRT-PCR. Because Affymetrix chips are constructed in such a way that 3 ¶-end oligonucleotides are preferentially used to detect and quantify gene expression, distinction between the various isoforms of USP2 (21) was not achievable. To select exclusively USP2a-overexpressing tumors, the relative USP2a mRNA expression among tumors obtained by qRT-PCR was used to classify 32 tumors in tertiles, i.e., high, intermediate, and low USP2a levels. In these three groups, the GAPDH-normalized (DCt) values (18) were V5.4, >5.4 and <8, and z8, respectively. In order to assess whether USP2a-related gene expression patterns could define the biological differences between prostate tumors, a GSEA (19) was done on microarray expression data (U95Av2) from these 32 human prostate cancers (Fig. 4A) . GSEA derives its power by focusing on the analysis of groups of genes that share biological function, chromosomal location, or regulatory pathways. Remarkably, when the top one-third of tumors (n = 11) were compared with the bottom one-third (n = 11), the only gene set (out of 440 tested) significantly enriched in the low USP2a expression group was the gene set of cell death-related genes. In addition, because of the established relationship between USP2a, Mdm2, and p53 we selected a set of 24 validated p53 target genes mostly involved in proapoptotic pathways to be tested in GSE analysis. Of note, this customized gene set was also significantly associated ( false discovery rate, 0.022) with tumors expressing low levels of USP2a (Supplemental Table S2 ). Our finding is in keeping with the newly discovered Mdm2 stabilizing function of this isopeptidase. 8 The significant gene sets emerging from the analysis of tumors expressing high USP2a levels belong to pathways involved in fatty acid synthesis/metabolism, receptor tyrosine kinases (RTK), such as ErbB3, early endosome antigen 1 (eea1), and rab, as well as STAT3 signaling (Fig. 4A) . Thus, by focusing on gene sets sharing biological function, GSEA applied to this data set was able to reveal important pathways strongly associated with USP2a expression. In fact, in a single analysis, we confirmed the role played by USP2a in stabilizing FAS (9) and Mdm2 8 whereas the importance of ErbB3, as a partner of ErbB2 and of STAT3, has also been previously assessed in prostate cancer (22) (23) (24) . Now these events have been tied to USP2a overexpression. Figure 4B displays an example of a USP2a-overexpressing tumor showing high expression in prostate cancer cells of the two proteins stabilized by USP2a, i.e., FAS (i) and Mdm2 (ii).
USP2a silencing results in apoptosis in cancer cells. In vitro transformation of AR-iPrEC cells by USP2a overexpression could not be attributed to the induction of proliferation. In addition, expression profiling of human prostate tumors showed that high USP2a expression levels were associated with the expression of antiapoptotic genes whereas cell death pathways were associated with low USP2a levels. In spite of the pro-proliferative action of USP2a in sarcomatous transformation, these data indicate a role for USP2a in protecting epithelial tumor cells from apoptosis, perhaps via its effect on either FAS or Mdm2, or both. We therefore transfected USP2a siRNA into malignant prostate epithelial cell lines (LNCaP, DU145, and PC-3) to assess whether this would have an effect on apoptosis. RNA and protein knockdown was assessed by quantitative RT-PCR and Western blot (Fig. 5A) . Apoptosis was analyzed at 48, 72, and 120 hours after transfection by FACS analysis (propidium iodide) and Western blot (PARP cleavage). USP2a knockdown induced substantial and increasing levels of apoptosis in LNCaP (androgen dependent, wild-type p53) and DU145 (androgen independent, mutant p53) over time, but no significant induction of cell death was seen in PC-3 cells (androgen independent, p53 null). Taken together, these data suggest that USP2a provides resistance to apoptosis to prostate cancer cells. We next assessed whether USP2a knockdown affected both FAS and Mdm2 in LNCaP cells. Both of these proteins were substantially decreased by 48 hours (Fig. 5C) , whereas p53 and its target, p21, increased. This suggests that in LNCaP cells, apoptosis induced by USP2a interference may be mediated by FAS or Mdm2 knockdown (with subsequent induction of p53 and its targets), or both.
To investigate whether USP2a displays antiapoptotic properties in other non-prostate human tumors, we silenced USP2a mRNA in nine additional cell lines (SW480, SW620, LoVO, HCT15, BT549, SKBR3, HT1080, MG63, and MNN4/HOS) derived from different human cancers (colon, breast, and sarcomas). USP2a knockdown induced a variable but appreciable apoptotic response in all cells tested (data not shown). Interestingly, the most significant induction of programmed cell death generally occurred in the lines with the highest levels of USP2a. These results suggest that USP2a knockdown induces an apoptotic response in diverse human tumors.
USP2a overexpression confers resistance to chemotherapeutic agents. Classifying prostate adenocarcinomas on the basis of USP2a overexpression provided biological data suggesting that USP2a is protective against programmed cell death. In vitro knock-down and overexpression experiments largely confirmed these findings. We therefore reasoned that USP2a overexpressing prostate cancer might be resistant to apoptosis induced by chemotherapeutic agents. In order to test this hypothesis, we set out to determine whether ectopic expression of USP2a confers resistance to apoptosis induced by selected chemotherapeutic agents in immortalized prostate epithelial cells. AR-iPrEC cells, with and without wild-type and mutant USP2a were treated with cisplatin and paclitaxel in a dose-dependent manner at the indicated time points (Fig. 6A and B) . As expected, wild-type USP2a, but not the catalytically inactive mutant, conferred resistance to apoptosis induced by both cisplatin and paclitaxel ( Fig. 6A and B) . These data show that USP2a overexpression confers oncogenic properties to prostate epithelial cells in vitro preferentially by protecting them from apoptosis.
Discussion
The USP family consists of >50 members known to date (25) . Although these proteases show sequence and structural similarities at the catalytic domain site, notable divergences are present in both NH 2 -and COOH-terminal ends of the proteins. In at least some cases, sequences and motifs outside the conserved catalytic domain may contribute to substrate (ubiquitin chain) and targetspecificity of these isopeptidases. Importantly, whereas some USPs are known to play key regulatory roles in a variety of biological and pathologic processes, such as cellular growth pathways, stabilization/degradation of p53 protein (5, 6, 26) , and DNA repair (27) , only rarely do they display oncogenic properties per se (28) (29) (30) (31) . In this report, we show that USP2a is oncogenic as determined by both overexpression in nontransformed cells and knock-down in tumor cell lines.
Importantly, we report that almost half of the prostate tumors overexpress USP2a when compared with adjacent normal tissue and that these tumors display a characteristic gene expression signature. Indeed, a GSE analysis done on microarray data comparing the high and low USP2a-expressing tumors revealed that high-USP2a tumors are strongly associated with gene sets involved in both synthesis and metabolism of fatty acids, whereas only the ''cell death'' gene pathway, among 440 gene sets that were tested, was significantly linked with those cancers expressing low USP2a levels. Although we previously described that FAS is a substrate of USP2a (9), Stevenson et al. have shown that USP2a binds to and deubiquitinates the ubiquitin ligase Mdm2, resulting in enhanced p53 degradation. 8 The results of the gene expression profiling thus independently validate the biochemical data generated in vitro. To further substantiate these findings, we customized a gene set of 24 predominantly proapoptotic p53 target genes, including apaf-1, BID, BAX, caspases 1, 6, and 9, as well as p21 (32) and tested this gene set by GSEA on the same gene profiling data. As expected, this p53-related gene set was highly significantly associated with lowUSP2a prostate tumors.
In USP2a-overexpressing carcinomas, genes that have been described as targets of p53-mediated suppression, were also upregulated. In fact, we found that the gene family associated with eea1, recently proposed as a new p53-suppressed gene (32) , was correlated with high USP2a-expressing tumors. eea1 codifies a protein involved in important endocytic membrane fusion cell processes, such as that involved in the recycling of ErbB1 and the nuclear translocation of ErbB2 (33) . Interestingly, other gene sets related to RTK family members and those controlling endocytic trafficking, such as ErbB3 and rab (reviewed in refs. 34, 35) , were overexpressed in tumors with high USP2a levels. ErbB2, which dimerizes with ErbB3, is overexpressed in hormone-refractory prostate cancer in the absence of genomic amplification (22, 36, 37) . Furthermore, it has been suggested that cells can regulate growth factor receptor expression via ubiquitin-mediated receptor degradation. It is tempting to suggest that disruption of the degradation process by deubiquitination may result in increased expression of as yet undefined RTKs, independent of protein synthesis as a result of RTK recycling to the cell membrane for further activation (38) . USP2a silencing caused significant apoptosis in most of the cell lines tested. Destabilization of both FAS and Mdm2 could be invoked as causes of programmed cell death but the relative role played by each of these pathways, when disrupted, is currently not known and may vary in different cell lines according to FAS expression levels and p53 status. FAS has been shown to play a significant role in protecting tumor cells from apoptosis. In fact, FAS inhibitors as well as RNA interference of FAS message, result in apoptosis of cancer cells (39) and decrease the size of prostate cancer xenografts that overexpress the enzyme (40) . We had previously shown that apoptosis induced by USP2a interference could be rescued by FAS overexpression (9) . The mechanisms invoked include the accumulation of malonyl-CoA (41, 42) and the inhibition of fatty acid h-oxidation (43). More importantly, FAS has been hypothesized to restore mitochondrial membrane potential, preventing the initiation of the apoptotic cascade. It has been shown that FAS inhibition results in the release of cytochrome c. In fact, apoptosis induced by the FAS inhibitor cerulenin is characterized by the rapid mitochondrial release of cytochrome c both in wild-type and mutant p53 cell lines (44) . The precise mechanisms by which FAS inhibition leads to apoptosis, however, are still unclear.
The proapoptotic activity occurring when USP2a is silenced can also be ascribed to p53 up-regulation resulting from Mdm2 destabilization 8 ( Fig. 5C ). Interestingly, LNCaP cells might represent a good example of the dual USP2a-mediated antiapoptotic mechanism, via both FAS and Mdm2, because these cells express both high levels of FAS and functional p53. In support of this contention, when compared with p53-negative cell lines, LNCaP cells show the highest levels of apoptosis following exposure to USP2a siRNA.
Taken together, these findings suggest that USP2a is involved in human tumorigenesis by participating directly and indirectly with different crucial pathways affecting the apoptotic machinery. We provided evidence that ectopic USP2a expression in immortalized prostate epithelial cells rendered them resistant to both taxol and cisplatin-induced apoptosis, suggesting that increasing USP2a levels allow tumor cells to escape chemotherapy-induced programmed cell death. The emerging role of taxane-based drug treatments in the clinical management of prostate cancer (13, 45) highlights the importance of being able to define subsets of patients potentially refractory to this therapy. To this end, the immediate implications of our results are that human tumors overexpressing USP2a can be identified as resistant to commonly used chemotherapeutic agents. Fig. 1A . Low USP2a expressing tumors show an enrichment in cell death-related genes, whereas gene sets implicated in fatty acid synthesis and metabolism, among others, increase with USP2a levels. A complete list of gene sets is in Supplemental Table S1 (http://www.broad.mit.edu/cgi-bin/cancer/ datasets.cgi). B, representative example of immunohistochemistry for FAS (i) and Mdm2 (ii ) done on a case of paraffinembedded prostate tumor overexpressing USP2a (bars, 100 Am). Therefore, the data we provided suggest that USP2a represents a therapeutic target in human cancer. Importantly, the crystal structures of both USP2 9 and FAS (14) have been solved, and this will undoubtedly boost the drug discovery efforts of small molecule inhibitors of both these molecules.
In summary, we show that USP2a is oncogenic when overexpressed both in vitro and in vivo and this oncogenic potential is related to its antiapoptotic activity. Gene expression profiling of human prostate tumors confirmed that the antiapoptotic role of USP2a is mediated by its enzymatic activity on both FAS and Mdm2. Taken together, these results provide the biological rationale for USP2a targeting in human cancer. A and B ) . Apoptosis assays were done as described in Fig. 5B in AR-iPrECpBABE (EV ), AR-iPREC-USP2a-mut (mut), and AR-iPREC-USP2a-wt (wt) cells following 24, 48, and 72 hours of treatment with cisplatin [doses 2.0 (gray columns ) and 7.5 Ag/mL (black columns )] and paclitaxel [doses 25 (gray columns ) and 100 nmol/L (black columns )].
